Biomass is one of the most widely available energy sources and gasification is a thermal conversion process where biomass is transformed into a fuel gas with a gasifying agent. In this paper by using ASPEN Plus, a new steady state simulation model for down draft waste biomass gasification was developed. The model that is stoichiometric equilibrium-based is proposed to be used for optimization of the gasifier performance. Prediction accuracy of the model is validated by comparing with available experimental and modeling results in other literature. Then the model is used for comparative analysis of the gasification performance of sawdust, wood chips and mixed paper wastes. In the model, the operating parameters of temperature and equivalence ratio (ER) have been varied over wide range and their effect on syngas composition, syngas yield, low heating value (LHV) of syngas and cold gas efficiency (CGE) has been investigated. Raise in temperature increases the production of CO and H 2 which leads to higher syngas yield, LHV and CGE. However, increasing ER decreases the production of CO and H 2 which results lessens in LHV and CGE but syngas yield continuously increases because more oxygen is available for biomass reactions at high ER. The optimal values of CO and H 2 mole fraction and CGE of sawdust, wood chips and mixed paper wastes are located at 900˚C, 1000˚C and 1000˚C, respectively and ER range is between 0.20 -0.35 regardless of the kind of biomass which is used as the feedstock.
Introduction
Negative impacts of fossil fuels on social, political and environmental aspects as well as energy security concerns have encouraged the interest in nonpetroleum energy sources [1] [2] . Among the various alternative energy sources, biomass has obtained more interest since it is the only suitable and renewable primary energy resource that can provide alternative transportation fuels [3] [4] [5] . Extracting energy from biomass requires biochemical or thermochemical processes [6] . During biochemical processes, biomass is converted to biogas and residual by the digestive action of living organisms. However, in thermochemical processes like gasification, biomass is converted to biofuels, gases and chemicals by applying heat and pressure. Gasification is also characterized by higher temperatures and conversion rates than biochemical and thermochemical processes, so allowing an efficient treatment of various types of biomass wastes. In addition to producing syngas from biomass for subsequent biofuel synthesis gasification typically achieves superior efficiency for electricity generation from biomass compared to more conventional alternatives like incineration. Electricity production by using gasification, extracts more electricity per kilogram biomass, or per kilogram municipal waste [7] [8] [9] [10], compared to alternatives like incineration or biogas from digesters [11] .
The gasification process consists of drying, pyrolysis, combustion and gasification. Drying occurs at a temperature between 100˚C -150˚C, pyrolysis is in the range of 200˚C -700˚C, combustion occurs in 700˚C -1500˚C and gasification is in the range of 800˚C -1100˚C [12] . Typically, the moisture in biomass ranges from 5% to 35% that it is reduced to lower 5% during drying. In the pyrolysis step, the volatile components in the biomass are vaporized as it is heated in the absence of oxygen. The volatile vapor is a mixture of hydrogen, carbon monoxide, carbon dioxide, methane, hydrocarbon gases, tar and water vapor [13] . At the next step, oxygen supplied to the gasifier reacts with the combustible substances, resulting in CO 2 and H 2 O, which subsequently undergo reduction upon contact with the char produced from pyrolysis [12] . Reduction yields combustible gases like hydrogen, carbon monoxide and methane through a series of reactions, the main reactions in this category are in below [11] [14] [15] .
In reviewing past studies, attempts in simulating biomass gasification have been carried out to evaluate the gasification performance affected by various operating conditions. The simulations of biomass gasification can be divided into kinetic rate models and thermodynamic equilibrium models. In comparison to kinetics approaches, thermodynamic equilibrium calculations have fewer complexities and independent of gasifier design, so it makes them suitable for studies on the influence of fuel process parameters [11] .
The composition of a mixture at thermodynamic equilibrium can be estimated using different methods of stoichiometric and non-stoichiometric approaches. When implementing the stoichiometric method, a set of independent chemical reactions are specified, thereafter the initial concentrations of all Journal of Power and Energy Engineering chemical species are specified, and the equilibrium concentrations are then calculated by solving for the extent of every reaction. However, when implementing the non-stoichiometric method, no reactions are specified and the concentrations of the species are evaluated to minimize the Gibbs energy of the products, in accordance with the constraints imposed by the principle of conservation of mass and of the stoichiometry [16] . Numerous researchers have focused on the non-stoichiometric method for biomass gasification because for this method does not need a detailed specification of all the chemical reactions taking place in the reactor. Our recent review [11] of studies reporting the modelling of biomass gasification suggests that up to May 2018 approximately 27.5% of gasification modeling studies use the stoichiometric method, roughly 72.5% use the non-stoichiometric method and no published study uses both methods to solve the same problem. However, it is worth mentioning that the authors are not aware of any published simulation study on biomass gasification systems based on the stoichiometric method.
Hence, the objective of this study is to develop a stoichiometric steady state computer model for waste biomass gasifier using the simulation software ASPEN Plus. Then the model is applied to evaluate and compare the gasification performance of three different feedstocks; i.e., wood chips, sawdust and mixed paper waste as the significant municipal organic wastes. Finally, the effect of operating parameters like temperature and equivalence ratio (ER) on the main indicators of performance evaluation of gasification system like syngas composition, syngas yield, low heating value (LHV) of produced syngas and cold gas efficiency (CGE) are investigated to find the optimal conditions.
Material and Methods

Simulation Model
A new kinetic free equilibrium model based on stoichiometric approach has been developed for the downdraft air gasifier of waste biomasses by using ASPEN Plus version 10. In this study, the developed Aspen Plus model involves the following steps: specification of stream class, selection of property method, determination of the system component from databank, specification of the conventional and non-conventional components, Specifying the process flowsheet by using unit operation blocks and connecting material and energy streams, defining feed streams (flow rate, composition, and thermodynamic condition) and Specifying unit operation blocks (thermodynamic condition, chemical reactions, etc.).
Assumptions
The following assumptions are employed in the simulations of waste biomass gasification.
1) The model is at steady state, kinetic free and isothermal. Table 1 .
Physical Property Method
According to our conducted review, about 30% of studies employed Peng Robinson as the physical property method for simulation of biomass gasification (Table 2) Figure 1 shows the flow chart of waste biomass gasification simulation by using ASPEN Plus based on the stoichiometric approach and Table 3 gives the brief descriptions of the unit operations of the blocks used in the simulation. The BIOMSS stream was defined as a nonconventional stream and it was created by inputting of elemental and gross compositions of wastes feedstocks obtained from proximate and elemental analyses. The information used to describe the feedstocks is given in Table 4 . In the next step, RYIELD, the ASPEN Plus yield reactor, was used to simulate the decomposition of the feed. In pyrolysis/decomposition stage, the feedstock was transformed from a non-conventional solid to volatile materials and char. The volatiles included carbon, hydrogen, oxygen and nitrogen and the char was converted into ash and carbon, by specifying the product distribution based on the proximate and ultimate analysis of the waste biomasses. The yield of volatiles was equal to the volatile content in the fuel according to the proximate analysis [28] [31] [40] . For stoichiometric equilibrium simulation of the combustion and gasification parts, REquil reactor was used in which homogeneous and heterogeneous reactions can be defined, simultaneously. However, due to the limitation of ASPEN Plus that each REquil can only contain one heterogeneous reaction, 4 REquil reactors (RE1-RE4) were considered for 4 heterogeneous reactions of R1, R2, R4, R5 (based on Table 1 ). Two FSplit blocks were used for dividing of volatiles and air streams among reactors of RE1, RE2 and RE3. Then two Mixer blocks were applied to mix outlet gasses and unburned carbons from the up and bottom of reactors, respectively; the product streams called OUTGAS and CARBON, respectively. Then, OUTGAS and CARBON streams with the rest of air stream were entered to RE4 for the heterogeneous reaction of R5 and homogenous reaction of R7. Eventually, the product gas called SYNGAS was exited from the up of RE4. Journal of Power and Energy Engineering Figure 1 . Flow chart of waste biomass gasification simulation using Aspen Plus.
Model Description
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Validation
In The stoichiometric thermodynamic model of gasification was also validated by comparing the current predictions to the experimental results of Jayah et al. [47] . In their work, rubber wood was considered as feedstock into a down draft gasifier operated at atmospheric pressure and the gasification temperature of 
Results and Discussion
In this study, the developed model for waste biomass gasification has been used to investigate the gasification performance of three different waste feedstocks:
sawdust, wood chips and mixed paper waste. The effect of gasifier temperature and equivalence ration (ER) on syngas composition, syngas yield, lower heating value (LHV) of produced gas and cold gas efficiency (CGE) has been investigated. Syngas yield in this model is the volume of total product gas from the ga- 
where y is the mole fraction of gas pieces in the syngas (dry basis).
The cold gas efficiency (CGE) is an important index to account for the performance of biomass gasification that it is calculated by using Equation (2) [28] [49]:
where GP is the syngas yield and HHV fuel is the higher heating value of fuel (MJ kg fuel −1 ) that it is calculated by below equation [50] . Journal of Power and Energy Engineering 
According to the Equation (3), heating value is a function of weight fractions of fixed carbon and volatile matter in the dry and ash-free conditions.
Effect of Temperature on Syngas Composition
The effect of gasifier temperature on syngas mole fractions for three feedstocks was examined in the window of 500˚C -1500˚C, while all the remaining operating conditions were fixed. As shown in Figure 4 , at very low temperature of 500˚C the existing carbon in the biomass is not used completely, so the syngas production would not be in a good rate. In such a low temperature, unburned carbon and methane will remain in syngas while by increasing temperature more carbon is oxidized and converted to carbon monoxide in accordance with partial combustion reaction (R2). Methane is also transferred into hydrogen by reverse methanation reaction (R5). Moreover, at high temperature, water gas reaction (R4) goes toward the production of both carbon monoxide and hydrogen. Hence, increasing the gasifier temperature favors hydrogen and carbon monoxide production, leads to the improvement of heating value of syngas (based on Equation (1)). However, at a specific temperature, yield of H 2 and CO reach to an approximately fixed points that this point can be the optimum gasifier temperature for each waste. The optimum operating temperature of the down draft gasifier for sawdust, wood chips and paper wastes are 900˚C, 1000˚C
and 1000˚C, respectively. Methane production also decreases sharply at temperatures above 600˚C for three wastes. For both sawdust and wood chips wastes, mole fraction of CO is higher than H 2 mole fraction but general behavior is not the same for paper waste. According to the elemental analysis of feedstocks, mixed paper waste has the highest hydrogen and the lowest oxygen among the others, consequently the product gas from paper gasification includes lower CO but higher H 2 in comparison other wastes. 
Effect of ER on Syngas Composition
Equivalence Ratio (ER) is an important index for showing the role of oxidizing agent and it is defined as the ratio of the amount of actual air supplied to the gasifier to the stoichiometric air. At low ER, biomass reactions will approach to the pyrolysis, whereas at a high ER the excess amount of oxygen oxidizes the fuel completely and causes biomass combustion; then the production of syngas declines. Hence, it is important to find the appropriate range of ER for biomass gasification that has been studied in this work. In this case, the ER in the gasifier was varied from 0.1 -0.7 and its influence on the syngas compositions were 
Effect of Temperature and ER on Syngas Yield
The effect of the gasifier temperature on the syngas yield is illustrated on Figure  6 (a). When the operating temperature of gasifier is increased from 500˚C -900˚C, the syngas yield is increased 4.6% for sawdust and wood chips and 5.4% for mixed paper waste and then reach to approximately fixed points. It can be explained by increasing gasifier temperature, the unburned carbon is converted into carbon monoxide and through the reverse methanation reaction, methane is converted into hydrogen. Finally, mole fractions of components attain to the constant amounts that cause nearly constant values for syngas yield. Figure 6 (a) depicts that the syngas yield for wood chips gasification is higher than other wastes, because syngas production from gasification of wood chips waste has highest carbon monoxide and hydrogen due to high percentage of carbon and hydrogen in wood chips biomass (as shown in Table 4 ). The variation of syngas yield for three wastes by varying ER is shown in Figure 6(b) . The syngas yield from the gasification of paper waste is higher than that of wood chip and sawdust wastes averagely 7.3%. As ER increases from 0.1 to 0.7, syngas yield continuously increases because more oxygen is available for biomass reactions at high ER but so high syngas yield does not mean high gasification performance. Because as it was explained in Section 4.2, with access to more oxygen, the fuel is oxidized completely and causes biomass combustion; then the production of CO and H 2 decline and CO 2 production increases. In the optimum range of ER, syngas yield values for sawdust, wood chips and paper wastes are in the span of 2.08 -3.00 Nm 3 kg fuel , respectively. Wood chip shows lowest heating value among the three wastes due to relatively lower dry basis mole fraction of carbon monoxide and hydrogen in the syngas. The production of carbon monoxide and hydrogen is dependent on the biomass composition and it is clear from the composition of feedstocks provided in Table 4 that although wood chip has highest percentage of carbon, it includes so high amount of moisture.
Moisture content indirectly effects on LHV of syngas. Increasing moisture content strongly degrades the syngas LHV. As a consequence of much higher moisture content in the fuel, the percentage of carbon and hydrogen in wet basis decrease then leads to lower production of carbon monoxide and hydrogen in the syngas.
The sensitivity of ER over the LHV of the product syngas at the fixed gasifier temperature of 900˚C for three waste biomasses is shown in Figure 7 (b). By increasing ER, the production of carbon monoxide and hydrogen in syngas decrease due to complete combustion of fuel, so the heating value of the syngas decreases. As a whole, the LHV of the product gas depends strongly on ER and it is in the range of 4.15 and 6.147 MJ·Nm −3 In the optimum range of ER. On the other hand, the effect of feedstock on LHV is slight.
Effect of Temperature and ER on CGE
Cold gas efficiency is the most crucial parameter that practically indicates the economic efficiency of the gasifier. Accordance to Equation (2), CGE is dependent on different parameters of syngas yield, HHV of fuel and LHV of syngas, but it eventually depends on the amount of carbon monoxide, hydrogen and methane in the product syngas. The composition of syngas is also controlled by temperature and ER hence they are the important parameters for evaluating of CGE. In our model temperature has been varied from 500˚C -1500 ˚C and the corresponding CGE is calculated. The results have been depicted in Figure 8 (a).
Mixed paper waste shows highest CGE (70.6%) at temperature of 1000˚C while for sawdust CGE is maximum around 65,8% and wood chips shows lowest CGE (60%) among the three wastes. 
Conclusions
A new steady state stoichiometric equilibrium-based model was developed for waste biomass gasification using ASPEN Plus simulator. Prediction accuracy of the model was checked by comparing with available experimental and modeling results in other researches. Then the model was used for comparative analysis of the gasification performance of sawdust, wood chips and mixed paper wastes. In the model, sensitivity analysis was performed and the impact of varying gasifier operating temperature and ER on syngas composition, syngas yield, HHV of syngas and CGE was investigated. Raise in temperature improves the gasifier performance, it increases the production of CO and H 2 which leads to higher syngas yield, LHV and CGE. However, increasing ER lessens the production of CO and H 2 which results in reduction of gasification performance. The optimal values of CO and H 2 mole fraction and CGE of sawdust, wood chips and mixed paper wastes are located at 900˚C, 1000˚C and 1000˚C, respectively and ER range is between 0.20 -0.35 regardless of the kind of biomass which is used as the feedstock. Among the three wastes considered, sawdust shows the highest CO mole fraction and LHV in the product syngas. Although, wood chips waste has the highest carbon percent among the other wastes, it has slight carbon yield, low CO mole fraction as well as lowest LHV. It is due to that it includes so high amount of moisture and moisture content indirectly effects on LHV of syngas, increasing moisture content strongly degrades the syngas LHV. Moreover, mixed paper waste shows the highest CGE (70.6%) at temperature of 1000˚C due to so high hydrogen content and the low HHV of its feedstock while for sawdust CGE is maximum around 65.8% and wood chips show lowest CGE (60%) among the three wastes. Further works are required to evaluate the effects of moisture content on the gasification performance and to study the integrated gasifier with CHP to investigate the impact of operating parameters on power production.
